. Microarray analysis of selection lines from outbred populations to identify genes involved with nematode parasite resistance in sheep.
gastrointestinal nematodes; major histocompatibility complex class II; transgelin; actin ECONOMICALLY, THE MOST IMPORTANT DISEASES of grazing livestock are the infections produced by gastrointestinal nematodes, and, as a consequence, research has concentrated on their control (25) . Anthelmintic drenching has been an important therapy for the past 50 years; however, reliance on drugs is currently being questioned; parasites resistant to one or multiple classes of anthelmintics are now common in many livestock species (50) , and there is a growing demand from consumers for products free of any kind of chemical treatment (21) .
An efficient alternative to anthelmintic use is the selection of animals naturally resistant to intestinal nematodes (2, 36, 37, 65) . Nematode resistance has moderate heritability, and sheep selection lines with large differences in fecal egg count between resistant and susceptible lines have been generated. This resistance pertains to a variety of nematode species such as Haemonchus contortus (68) , Trichostrongylus colubriformis, and Ostertagia species (42) . Selecting for resistance would be substantially simplified if the differences between resistance and susceptibility were known at the gene variant level and animals could be selected based on genotype.
The cascade of immune phenomena developed against nematodes is complex and involves a large number of genes in the model systems where it has been studied (24) . It is likely that the ruminant response will be similarly complex. In ruminants, resistance to both infective larvae and adult nematodes has been associated with the development of acquired immunity (10) . Thus, while spontaneous expulsion of a primary infection rarely occurs in cattle or sheep, it routinely occurs in previously primed animals although it varies considerably between individuals. This variation might be caused by different magnitudes of the same response mechanism, by the expression of different immune mechanisms, or by a combination of both. Parasite rejection can be antigenic in nature but may also involve processes such as mechanical or enzymatic damage inflicted by the host on larval or adult parasites.
Microarray technology has become an important tool to address complex biological questions by means of parallel measurement and analysis of the expression of thousands of genes. Identifying patterns of gene expression and grouping genes into expression classes can provide insight into their biological function and relevance. We have used microarrays to determine the differential gene expression pattern between lambs genetically resistant to parasitic nematodes and those that are susceptible. A variety of analytic methods were used to ascertain the biological relevance of the results. Lexical analysis and Gene Ontology (GO) were used to find biological processes associated with the differentially expressed genes. Motifs were also found in the promoters of the differentially expressed genes, and these motifs could distinguish differentially expressed genes from those whose expression was unaltered.
weaning, lambs were drenched to ensure the absence of parasites in their digestive tract and exposed to a contaminated field until they averaged 800 eggs/g feces. Then they were drenched and challenged again. At the end of the second challenge, lambs were fecal sampled and slaughtered (Fig. 1) . A section of the duodenum ϳ20 cm from the pyloric sphincter was collected. This tissue was used, as the major proportion of economically important gastrointestinal nematodes in sheep are located in the lumen of the duodenum. The number of adult nematodes in the abomasum and duodenum lumen was counted for each animal (Table 1) . Samples of duodenum and mesenteric lymph nodes were collected into liquid nitrogen promptly after euthanasia and stored at Ϫ80°C until RNA isolation. Procedures were approved by the AgResearch Invermay Animal Ethics Committee, formally constituted under the New Zealand Animal Welfare Act (1999) .
Array Preparation
A number of bovine cDNA libraries were generated from a variety of tissues from both dairy and beef breeds. These 5Ј-libraries were singlepass sequenced, generating expressed sequence tags (ESTs). A bovine microarray containing 10,204 unique amplified cDNAs, 31 PCR products, and 137 control spots was used. The cDNAs printed on the array predominantly came from peripheral mononuclear, lymph node, peyers patch, small intestinal mucosa, and spleen libraries. The PCR products consisted of 18 amplified bovine and 13 amplified cervine interleukins and cytokines. The cDNAs were amplified by PCR in a 50-l reaction volume in 96-well plates containing 55 pmol primers (T7 and T3 for cDNA cloned in pBK-CMV or T7 and Sp6 for cDNA cloned in pCMV-SPORT6), 0.2 mM dNTPs, 1.5 mM MgCl 2, and 2.5 units AB Red Hot Taq polymerase. After 36 cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 60 s, products were extended at 72°C for 5 min. The control spots on the array consisted of the negative control for each PCR used to amplify the cDNAs. A small aliquot of every PCR product was run on a 1% agarose gel to verify the PCR reaction. Products were precipitated with 0.2 M sodium acetate and an equal volume of isopropanol. The 96-well plates were centrifuged at 3,500 rpm for 1 h, and the pellets were washed with 70% ethanol and then dried. When required for printing, the pellets were resuspended in water, transferred to 384-well plates, dried, and then resuspended in 3ϫ SSC printing solution (0.45 M sodium chloride, 0.045 M sodium citrate). The amplified products were printed onto poly-L-lysine-coated glass slides using the ESI array robot, with up to 32 split pinheads depositing 0.6 nl with a 100-m spot size. After printing, the slides were UV irradiated to cross-link the DNA to the polylysine coating.
RNA Isolation and Fluorescent Labeling
Total RNA from duodenum was isolated using TRIzol (Invitrogen) with subsequent RNeasy kit (Qiagen) purification. Labeled cDNA was produced from 20 g of total RNA by anchored oligo(dT)-primed reverse transcription and incorporation of aminoallyl-dUTP, using Superscript II reverse transcriptase (Life Technologies,). cDNA was concentrated to 20 l on microcon columns (Millipore) and labeled in the presence of either monofunctional N-hydroxysuccinimide (NHS)-ester Cy5 or Cy3 dyes (Amersham). The unincorporated dyes were removed using the QIA-Quick PCR purification kit (Qiagen).
Slide Hybridization and Scanning
Slides were prehybridized for 1 h at 42°C in a solution containing 5ϫ SSC, 0.1% SDS, and 0.25% BSA. Subsequently, they were rinsed twice with deionized water and once with isopropanol and air dried. The Cy3-and Cy5-labeled probes were denatured at 95°C, combined with ULTRAhyb (Ambion) hybridization buffer, and applied to the slides. Incubation was completed for 20 h at 42°C in humidified CMT-hybridization chambers (Corning). After hybridization, slides were washed for 5 min each, first in 2ϫ SSC and 0.1% SDS, then in 1ϫ SSC, and finally in 0.1ϫ SSC. All wash buffers were filtered through 22-m filters. Before the scanning, they were spin dried at 1,000 rpm for 5 min. The slides were scanned in a ScanArray 5000 (Packard Biosciences), and the dual images were collected in TIFF format. The combination and processing of the images were performed using the GenePix Pro software (Axon Instruments), which included automated and manual flagging of bad spots.
Microarray Normalization and Analysis
The microarray data were then normalized for each individual slide, following the procedure of Baird et al. (8) . To determine which cDNAs were differentially expressed, the values for each corresponding EST were analyzed over the 16 slides of the experiment using analysis of variance, removing dye bias effects (Ref . 8; results are given in Supplementary Table S1 , available at the Physiological Genomics web site). 1 ESTs with a normalized mean log intensity Ͻ9 were excluded, as were ESTs with Ͼ8 bad spots out of 16. For each remaining EST, the standardized residual of the normalized log ratio of the mean (SR_mean) was then calculated. This is calculated by dividing the normalized log ratio of the mean (C_logRatio_Mean) of that EST by the standard deviation of the normalized log ratio of the mean for all good ESTs on the array (0.178; Supplementary Table S1). On the basis of the QuantileQuantile (Q-Q) plot for the normalized log ratio of the mean, ESTs were counted as significantly differentially expressed if 3.3 Ͻ SR_mean Ͻ Ϫ2.5, i.e., at or outside the 95% probability thresholds calculated from Michael's statistic (39) . The false discovery rate (FDR) of the procedure was estimated by first fitting an empirical Bayes estimate (55) for the standard errors of the normalized log ratio of the mean. A mixture model was then fitted to estimate the FDR for the modified T probabilities (48) . All the microarray information has been submitted into the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) website (http://www.ncbi.nlm.nih.gov/geo/). The accession number for the array is GPL1434. Each of the 16 slides has been submitted, and the accession numbers range from GSM30263 to 1 The Supplemental Material for this article (Supplemental Tables S1-S4) GSM30278 inclusive. The experiment series has been submitted as GSE1728.
Northern Analysis
Total RNA was obtained as described previously from duodenum and mesenteric lymph nodes. Twenty micrograms of RNA per sample were separated by denaturing gel electrophoresis and transferred onto a nitrocellulose membrane using the NorthernMax kit (Ambion). The selected cDNA inserts were obtained from the original plasmid by PCR and resequenced to ensure they represented the expected gene. To use them as probes for the subsequent hybridization, inserts were purified with High Pure columns (Roche Applied Science) and labeled with [␣- 32 P]dCTP by use of the RTS RadPrime DNA labeling system (Life Technologies). Hybridization was completed using standard procedures (16) . The membranes were exposed to autoradiography film and Fugifilm BAS-MP imaging plates. The phosphorimage signal was quantitated using the Fugix MacBAS v.2.0 imaging software.
Microarray Results Interpretation
To annotate the bovine cDNAs, all the EST sequences, including those publicly deposited in NCBI, were assembled into contigs using CAP3 (29) after an initial clustering step using BLAST (4). These contigs were used for all future ortholog identification.
Protein Annotators' Assistant. The contig to which each EST belonged was blasted against the SwissProt database (release 44) and the top hit extracted. Any match with an expectation value (E value) Ͼ1 ϫ 10 Ϫ10 was excluded. Of the 50 upregulated cDNA clones, 37 had SwissProt hits with an E value Ͻ1 ϫ 10 Ϫ10 . Twenty-seven of these were unique hits. Of the 112 downregulated clones, 67 had SwissProt hits with an E value Ͻ1 ϫ 10 Ϫ10 . This corresponded to 65 unique hits. The SwissProt hits for each data set were entered into Protein Annotators' Assistant (PAA) on the Expasy web site (http:// www.ebi.ac.uk/paa/), and keywords with a P value Ͻ 0.001 are reported. SwissProt IDs for the same number of clones, chosen at random from the array, were also submitted to PAA and the keywords associated with these genes found. A random sample was analyzed to observe any underlying lexical bias of the genes printed on the array, and significant keywords observed in common between the random sample and the data sets are marked with an asterisk. Simple stemming and phrase construction are undertaken by PAA.
GO analysis. The corresponding human RefSeq for each contig represented on the array was obtained using BLAST (E Ͻ1 ϫ 10 Ϫ10 ). Of the 10,204 unique ESTs printed on the array, 8,032 had a corresponding RefSeq with 3,455 unique RefSeqs. The up-and downregulated RefSeqs were submitted to EASEonline (http://david.niaid. nih.gov/david/) along with all the RefSeqs on the array. Expression analysis systematic explorer (EASE) calculates overrepresented functional gene categories in the data sets compared with all the genes on the array. Statistically significant GO terms (P Ͻ 0.05) are reported.
Motif identification by comparative expression (MICE).
For selected cDNAs, a region of 1,500 bp upstream of the transcription start site for each of the corresponding human RefSeq genes was retrieved from the University of California-Santa Cruz human genome browser (http:// genome.ucsc.edu/). This sequence was assumed to contain the human promoter region, as ϳ75% of human RefSeq core promoters are reported to lie within 1,500 bp of the transcription start site (34) . The sequences were masked automatically through the retrieval process for repetitive regions. The corresponding up-and downregulated promoter regions were then analyzed using the MEME motif detection program (6) . Motifs had to range in size from 5 to 15 bp, the reverse complement was allowed, and the first 15 motifs were identified. Subsequently, the same up-and downregulated promoter regions plus a randomly selected set of promoter regions (n ϭ 142) were analyzed using MAST (7), with the motifs identified from the two previous analyses, and again allowing the reverse complement of a motif. The results obtained were analyzed with a chi-square test, based on the frequency of RefSeq promoters with a combined up-or downregulated motif significance of P Ͻ 0.0001 for each individual promoter in each of the three groups. Finally, the combined motif consensus probability values for matches in each group with values less than P Ͻ 0.0001 were analyzed, using the nonparametric Mann-Whitney U-test.
RESULTS
The microarray experiment examined gene expression in duodenum tissue from four resistant and four susceptible Perendale lambs. The lambs were from selection lines established in 1986, which, after 10 years of selection, showed a 7.3-fold difference in parasite burden after natural challenge (41) . A full description of the animals is in MATERIALS AND METHODS, and their mean parasite burden and its composition is shown in Table 1 .
A factorial design that compared every individual from the resistant group with every one of the individuals from the susceptible group was used. Therefore, every sample was replicated four times, and the number of slides used in the experiment was 16. In every case, two of the four replicates were labeled with Cy3 and two with Cy5, to minimize the bias related to the incorporation of any particular dye (Fig. 2) . The labeled cDNA was hybridized to a bovine microarray (see MATERIALS AND METHODS). Cross-species hybridization depends on a number of factors including the length of the probe and the percentage of similarity between the orthologous sequences and the type and distribution of base mismatches (56) . Hybridization of sheep cDNA against bovine microarrays was expected to produce specific hybridization under the conditions used in this experiment, because sheep and cattle sequences are highly homologous, especially in the coding region (96% average homology; Ref. 38) . It has previously been demonstrated that stringent hybridization conditions, such as those used in this experiment, allow cross-species hybridization between species with sequence homology of 96% or less (1, 56, 63) .
Of the 10,204 cDNAs analyzed in the present work, 126 showed highly significant differential expression between the resistant and susceptible animals, based on analysis with conservative criteria. Of these, only 14 were more highly expressed in resistant animals compared with susceptible animals (hereafter referred to as upregulated genes), whereas 112 had reduced expression in the resistant line compared with the susceptible line (hereafter referred to as downregulated genes). This distribution is illustrated in the Q-Q plot of the normalized log ratio of the mean (Fig. 3 ). An FDR of 10% was estimated for this procedure, as described in MATERIALS AND METHODS. To check the quality of the cDNA libraries, a total of 45 clones, representing the extreme values of differential expression, were resequenced. This revealed five sequences that did not correspond to the expected sequence, giving a percentage of misassignment of ESTs of 11.1%. This is consistent with an independent estimate of the error rate of these libraries (Wilson T and Hyndman DL, unpublished results). Any clone that was found to be incorrect when resequenced was not included in any further analysis and was not reported.
The human RefSeq (RefSeq release 5.0; http://www.ncbi. nlm.nih.gov/RefSeq/) corresponding to the contig was identified with BLAST. An initial cut-off E value of 1.0 ϫ 10 Ϫ10 was applied. In cases where the clone matched multiple human transcripts, the best hit was listed; however, further work would be required to unequivocally determine which human-equivalent RefSeq is differentially expressed in sheep duodenum. For the resistant line, 12 of the 14 upregulated cDNAs had an associated human RefSeq. Interestingly, four represent the smooth muscle gene transgelin (TAGLN), while two match the major histocompatibility complex (MHC) class II gene DR-␣ (HLA-DRA). The other six genes corresponded to the chemokine (C-X-C motif) receptor-4 (CXCR4), the lysine-deficient protein kinase-1 (PRKWNK1), a hypothetical protein (LOC388078), a Sushi domain-containing protein (SUSD3), a C3H-like zinc finger protein (ZFP36L2), and a solute carrier family member (SLC35D2).
Determination of the number of genes that show significant differential expression was not trivial, as many parameters needed to be considered. Northern analysis confirmed that genes other than the original 14 we considered upregulated showed differential expression (see Fig. 4, B and C) . We therefore chose to analyze the 50 most upregulated clones as a representative sample. In total, 40 of these had an associated RefSeq where 6 were likely to be different MHC II genes (DQA1, DQB1, DR-ALPHA) 
Northern Blotting Analysis
Northern analysis was used to verify the differential expression of a selection of genes and validate the results obtained by the microarray technique (Fig. 4, A-D) . Denaturing gels were loaded with total RNA obtained from duodenum and mesenteric lymph node for each of the animals used in the microarray experiment. Mesenteric lymph RNA was included, as our original microarray experiment had identified the differential expression of a large number of immune function genes. Differential expression was confirmed for the muscle-specific genes TAGLN and ACTG2 in duodenum, with more intense bands observed for the resistant group (Fig. 4, A and B) . Expression of TAGLN was increased 2.3-fold (P Ͻ 0.001) and expression of ACTG2 was elevated 2.7-fold (P Ͻ 0.001) in the resistant animals compared with the susceptible animals. None or very limited expression of these genes was observed in lymph node. The MHC class II-related gene, HLA-DQA1, also showed a higher level of expression in the duodenum of the resistant lambs (1.5-fold, P ϭ 0.014) as expected (Fig. 4C) . This gene was expressed in lymph node, although differential expression in this tissue was not evident. Regenerating gene type 4 (REG4) was expressed only in the duodenum and showed a higher level of expression in two samples belonging to the susceptible group (1.8-fold, P ϭ 0.014; Fig. 4D ).
PAA PAA (66, 67) was used to find keywords associated with the differentially expressed genes to aid in the interpretation of the results. This program derives keywords associated with the differentially expressed genes and compares their frequency among these genes to their frequency in the SwissProt database, thereby identifying statistically significant words. Terms pertaining to muscle and immune function were commonly associated with the group of upregulated genes ( Table 4) . A number of themes were identified in the downregulated genes ( Table 5 ). Most of the themes seem to be specific to either the up-or downregulated genes. In fact, the theme "muscle function" is only associated with the group of genes that are upregulated, whereas the themes "calcification," "pancreas," and "cytoskeleton" are only associated with the downregulated genes. The theme calcification was due to the differential expression of a number of genes, including keratin 14 and REG4, a gene once thought to be an inhibitor of calcium carbonate precipitation (12, 26) but now known not to be involved in that process (22) . The identification of the theme pancreas can be explained by the differential expression of two cDNAs corresponding to REG4. This gene, along with other 
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List of genes more lowly expressed in the duodenum tissue of lambs resistant to gastrointestinal nematodes compared with susceptible animals. The full list is available as Supplementary Table S2. members of the Reg family, has been associated with the gastrointestinal mucosal response to injury in inflammatory bowel disease and colonic adenocarcinoma (23, 27) .
Interestingly, "immune function," the only common theme for both up-and downregulated genes, contains only one common keyword, "immunoglobulin," which has also been shown to be significant for a random sample of genes on the array (see MATERIALS AND METHODS). It therefore appears that the entire microarray is biased toward this keyword. Unfortunately, PAA cannot currently transparently correct for these biases, because it uses word frequencies derived from all SwissProt entries and not just from genes represented on the microarray. The high representation of keywords related to MHC for the group of genes upregulated in the resistant animals is worthy of note. Similar keywords are not found in the downregulated genes, where the most represented keywords in this category are related to lectins.
Motif Identification by Comparative Expression
The putative promoter regions for 27 of the 28 unique human RefSeq genes corresponding to the upregulated group and 75 of the 82 unique human RefSeq genes in the downregulated group were analyzed to identify common cis-regulatory motifs. This is under the assumption that, because regulatory elements are evolutionarily important, they would be conserved across species. The analysis was performed using MEME (6) . A total of five significant motifs were identified, two in the upregulated group and three in the downregulated group (P Ͻ 0.05) ( Table 6 ; more in-depth results are given in Supplementary Table S3 ). The motifs identified in the promoters of upregulated genes (including those motifs that were nonsignificant) were more frequent in the upregulated gene promoters, using MAST (7) under standard stringent conditions [proportion (Pr) ϭ 0.48], than in a randomly selected group (Pr ϭ 0.08, P ϭ 1 ϫ 10 Ϫ7 ) or the downregulated group (Pr ϭ 0.05, P ϭ 1 ϫ 10 Ϫ7 ), using a chi-squared test (Table 7) . Also, the motifs present were more similar to the motif consensus in the upregulated genes than in the random group (P ϭ 0.006) or the downregulated group (P ϭ 0.005), using the nonparametric Mann-Whitney U-test.
The motifs identified in the downregulated set of genes' promoter regions appear more frequently in the promoter region of these genes under standard stringent conditions (Pr ϭ 0.31) than in the randomly selected group (Pr ϭ 0.13, P ϭ 0.001). However, these motifs are also found in the promoter regions of the upregulated genes (Pr ϭ 0.30, not significant). The motifs, where present, were not significantly different from the consensus motif in any group. The results from the MAST analyses are provided in Supplementary Table S4 .
GO Analysis
Statistically significant GO terms associated with genes upregulated and downregulated in parasite-resistant lambs (Ta- 
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*Keywords also significant when a random sample of genes from the array was analyzed and so may be associated with a bias of the array. bles 8 and 9) were found, using EASE (28) . For the network "biological process," GO terms associated with the upregulated group of genes refer mainly to antigen processing and presentation and signal transduction. In contrast, GO terms for the downregulated genes are associated mostly with ion transport.
For the "molecular function" network, GO terms relating to MHC class II receptor activity are associated with the upregulated genes, whereas terms relating to cation binding as well as the cytoskeleton describe the downregulated genes. No GO terms were associated with the "cellular component" network in the upregulated genes, whereas extracellular space was associated with the downregulated genes.
DISCUSSION
Genes with elevated expression levels in the duodenum of genetically resistant and susceptible lambs have been identified by microarray analysis. In total, over 100 different genes have been identified from this experiment. Our findings were confirmed by Northern analysis of a subset of the genes. Once we became confident that the microarray was detecting real gene expression differences, deciding which processes are critical to resisting or becoming susceptible to nematode infection became our focus. Of particular interest was the identity of genes in the susceptible lambs that were likely to be associated with the cause of susceptibility rather than those associated with the consequences or pathology of the nematode infection. To do this in a balanced way, trying to avoid personal biases and "favorite genes," we have examined three approaches.
Initially, keywords associated with the up-and downregulated genes were found using PAA. The advantage of this technique is that it uses an extremely well-annotated set of genes and has strict and constantly updated vocabulary rules (5) . Alternatives such as lexical analysis in sources like PubMed and Online Mendelian Inheritance in Man (OMIM), although more comprehensive, suffer the problem of alternative descriptions for the same process. However, this technique is still subject to the insidious problem of assigning gene function to sequences by homology without functional studies being undertaken. This approach was used to identify biological themes associated with the different data sets. PAA identified a large number of muscle-and immune-related keywords for genes upregulated in parasite-resistant lambs. In particular, the immune keywords related to immunoglobulins and MHC class II histocompatibility genes. This indicates that these processes are important in mediating, or are consequential to, resistance to gastrointestinal nematodes. Immune-related keywords were also found to be associated with the downregulated genes; however, in this case, the actual words differed with the emphasis in the downregulated genes being on lectin genes. The word immunoglobulin itself, which was associated with both up-and downregulated genes, was also found to be significantly associated with a random sample of genes analyzed from the microarray. Therefore, it would appear that more immunoglobulin-associated genes are printed on the array than one would expect by The proportion of corresponding human RefSeqs promoter regions, from up-and downregulated plus randomly selected cDNAs, that had a combined motif score of P Ͻ 0.0001, using MAST with previously identified MEME motifs and their mean significance. Values with different superscripts (*, †) are significantly different.
chance. Considering that the majority of the cDNAs for the array came from immune tissue libraries, this is not entirely surprising. No other immune keywords were observed in common between the random sample and the data sets. In fact, the only other keywords common to the random sample and the data sets are "lysosome," "repeat," and "signal," indicating that PAA was successful at identifying keywords and themes specific to the dataset.
Analysis of promoter motifs based on expression patterns and DNA sequence within a species has previously been utilized (15, 49) . However, the motif identification by comparative expression (MICE) procedure, using homologous human RefSeq promoter regions based on expression of ovine genes, is, to our knowledge, a previously undescribed method for examining expression array data and has wide applicability to a range of experimental situations. This method can be readily validated upon completion of the bovine genome. The major benefit of this comparative technique is that it works across mammalian species and will provide a valuable aid to those who work with a species whose genome sequence is unavailable. Unlike literature-based techniques, de novo motif identification and analysis are not biased by the amount of previous work on a gene or gene family. It also has the benefit that it can identify subsets of up-or downregulated genes that may be involved in a specific pathway and may identify pathways not previously known to be associated with a given biological process. The results suggest that the promoters of the upregulated genes have combinations of motifs that distinguish them from downregulated or unaltered genes. This may indicate that the signaling pathways these unique motifs represent may have upregulated gene expression and directly influence host resistance. Tracing these pathways could identify the causal variants in the signaling pathways influencing genetic resistance. The motifs identified in the promoters of downregulated genes were also found in the upregulated genes' promoters, but their presence could be used to distinguish these groups from genes whose expression patterns are unaltered by genetic selection and infection. The inference we can draw is that the signaling pathways these putative motifs represent may be responding to the level of infection present, although in some cases the level of gene expression may also have direct effects on host resistance.
GO terms significantly associated with the up-and downregulated genes were found using EASEonline. Once again, GO terms related to antigen processing via the MHC class II system were significantly associated with the genes upregulated in parasiteresistant animals. This further supports the hypothesis that the development of an acquired immune response is critical to developing resistance to parasitic nematodes, although it may be consequential. These data also give credence to the results obtained using PAA. No GO terms relating to muscle function were found associated with this dataset. This is most likely due to the fact that PAA and EASE count the number of genes differently. Whereas PAA will, for example, count all five copies of the TAGLN gene, EASE counts this gene only once. The GO terms associated with the downregulated genes related predominately to ion transport. This is due to the downregulation of two members of the solute carrier family along with ATP synthase and ATPase. The term cytoskeleton is associated with the downregulated genes, using both EASE and PAA.
In summary, the approaches used in this study lead us to believe that our identification of up-and downregulated gene groups from microarray data is describing real events, because all three data interpretation methods identify that these genes have properties that make them significantly different from randomly selected genes on the array. The results also reveal two processes that are important in modulating genetic resistance to parasitic nematodes: the development of an acquired immune response and smooth muscle function, although it is more difficult to identify causal pathways.
The observation that MHC class II genes are more highly expressed by the genetically resistant lambs is consistent with the idea that a key difference between susceptible and resistant animals lies in their ability to mount an early humoral response. In the mouse, a clear interaction between parasites and the MHC has been reported for the helminth Nippostrongylus brasiliensis, which is able to suppress the expression of MHC class II molecules as a mechanism of evasion (20) . Evolutionary studies in wild sheep populations infected with gastrointestinal nematodes have led to the hypothesis that the high level of diversity at the MHC locus in sheep is a consequence of antagonistic coevolution between hosts and parasites (47) . However, an obvious relationship between MHC alleles and antigen recognition has not been demonstrated in sheep (35) , although a correlation has been found in mouse (31) . The MHC chromosomal area has also been a common candidate in the search for markers of resistance useful in ruminant selection programs. In this regard, several studies have found an association between parasite resistance and MHC markers (30, 33, 44, 45, 46, 52, 58) , although lack of association (13, 18, 57) or genetic linkage (19) has also been reported. Taking into account the contradictory results found in the literature, we suspect that the increased expression of MHC class II in the resistant lambs may only be effective in reducing parasite infection if combined with a set of MHC alleles that are efficient at presenting parasite antigens.
Interestingly, the homeostatic chemokine receptor (CXCR4; upregulated in the genetically resistant animals) is involved in a variety of biological processes (43) and has been the subject of intense study, because it acts as coreceptor for the T-cell line-tropic human immunodeficiency virus (11) . Recent studies strongly suggest that CXCR4 channels the antigens into the endocytic pathway for presentation on MHC class II molecules (51) . To our knowledge, there is no previous report in the literature that relates this receptor with the immune response to parasites.
Two genes differentially expressed in the intestinal tissue of resistant animals are related to the structure and function of the enteric smooth muscle. In our study, the most represented gene is transgelin (TAGLN), a cytoskeletal protein also known as SM22-␣, WS3-10, and p27, which is expressed abundantly in visceral and vascular smooth muscle cells (3, 32, 53, 59) . The second transcript corresponds to actin-␥2 (ACTG2), a specific enteric actin isoform (40) . It has been reported that TAGLN binds directly to actin filaments, and its possible role is in the organization of the spatial relationships of actin filaments in smooth muscle cells (54) . The simultaneous upregulation of both genes suggests that the resistant lambs may have increased enteric motility. Interestingly, cytoplasmic actin, a ubiquitous actin isoform, is downregulated. Our hypothesis is that this finding might be related to the progression of endocytosis events, whereas the expression of enteric actin and transgelin in the resistant line seems to be more related to the thickening of smooth muscle layers associated with an enhanced contractility of intestinal muscle.
Experimental infections in ruminants show a variation in the speed at which the parasite is expelled from the host (62) . In mouse models infected with Trichinella spiralis, profound thickening of smooth muscle layers, due to hypertrophy and hyperplasia, has been observed (14) and is associated with enhanced contractility of intestinal muscle to facilitate the eviction of worms (17) . The magnitude of this contractility has been found to be greater in mouse strains that expel the parasite rapidly than in those that expel the parasite slowly (60) . Also in mouse, it has been shown that CD4ϩ T-cells and MHC class II expression influence worm expulsion and increased intestinal muscle contraction during T. spiralis infection (61) . Although this is the first time that TAGLN has been associated with the response to gastrointestinal parasites, the increase of other smooth muscle-specific proteins after nematode infection (in particular, actin and myosin heavy chain) was shown by Weisbrodt et al. (64) . In addition, this work showed pretranslational upregulation of gene expression for actin isoforms at the infection area.
The results of this study have outlined a number of interesting observations and results. Further research will be needed, however, to study parasite-resistant animals that are not part of the selection lines (to account for random genetic drift). It is also necessary to distinguish genes responsible for genetic resistance from those elevated simply because of the level of infection. This can be done by rearing animals in a nematode challenge-free environment from birth and ascertaining those genes that are constitutively differentially expressed between resistant and susceptible animals in the absence of a prior challenge.
Our results suggest that highly significant and validated results can be obtained from microarray experiments using genetically divergent outbred sheep lines selected for host resistance to parasites. They also suggest that, at least in some circumstances, cDNA microarrays from one mammal can successfully be used in closely related species effectively. Only minimal numbers of animals are required if appropriate experimental design and analysis techniques are used. We also have provided a robust post hoc interpretation that conclusively demonstrates that the up-and downregulated genes identified have properties distinct from genes randomly selected on the array using three separate tests.
